The progression of renal dysfunction reduces serum albumin and deteriorates the binding capacity of protein-bound uremic toxins. We evaluated the prognostic implications of serum indoxyl sulfate (IS) and albumin levels in patients with cardiovascular disease.
T
here is a positive correlation between renal disease and cardiovascular disease. [1] [2] [3] [4] [5] Studies have demonstrated that an increased level of uremic toxins that are associated with the progression of renal dysfunction is involved in the development of atherosclerosis through the induction of oxidative stress. [6] [7] [8] Indoxyl sulfate (IS) is a protein-bound uremic toxin that is an end metabolite of dietary tryptophan. Recent studies have found that IS is toxic to the cardiovascular system. 9, 10) Cellular damage in human vascular cells resulting from increased pro-inflammatory responses and the production of reactive oxygen species is a consequence of accumulated IS. 11, 12) Moreover, IS was found to induce endothelial dysfunction, which promotes atherosclerosis in patients with renal dysfunction. 6, 13, 14) Editorial p. 7 Of note, there is a close interaction between serum albumin level and uremic toxins, including IS. 15) Compared with other uremic toxins, IS binds tightly to albumin. 16) For patients with renal dysfunction, however, hypoalbuminemia and oxidation decrease the capacity of IS to bind albumin. 17, 18) Thus, as renal dysfunction advances, unbound IS is thought to be in excess. Here, we investigate the prognostic effects of serum IS and albumin level in patients with cardiovascular disease.
Methods
Study population: A total of 351 consecutive patients with cardiovascular disease at Toho University Omori Medical Center (Tokyo, Japan) were enrolled between March 2015 and June 2016 in this study. The inclusion criteria were (1) patients undergoing percutaneous coronary intervention (PCI) for coronary artery disease (CAD), which included acute coronary syndrome (ACS, n = 122) and stable angina pectoris (SAP, n = 186), and (2) patients undergoing percutaneous peripheral intervention (PPI) for peripheral artery disease (PAD, n = 43). Patients with ACS included ST-segment elevation myocardial infarction (STEMI), non-STEMI, and unstable angina pectoris and underwent primary PCI within 12 hours after chest symptoms. 19) Patients with SAP, defined as chest pain that had not changed over the preceding 2 months, underwent elective PCI if significant coronary stenosis (lumen obstruction of > 60%) was documented. Patients undergoing PPI for symptomatic PAD were included at Rutherford stages 2-5 (Fontaine stages IIb-IV). The ankle-brachial index was routinely used before angiography to confirm the diagnosis of PAD. We performed PCI and PPI according to current guidelines. The study exclusion criteria were (1) death from any cause within 30 days after therapy and (2) active malignancy and inflammatory disease.
Patients were assigned to four groups according to the median levels of IS (0.1 mg/dL) and albumin (3.9 g/ dL) (low IS/high albumin, low IS/low albumin, high IS/ high albumin, and high IS/low albumin).
Cardiovascular risk factors, including diabetes, dyslipidemia, hypertension, and current smoking, were defined in accordance with accepted criteria. [20] [21] [22] Body mass index was calculated according to patient height and weight measured during hospitalization. The Modification of Diet in Renal Disease formula 23) was applied for calculating the estimated glomerular filtration rate (eGFR), and eGFR < 60 mL/minute/1.73 m 2 was defined as impaired renal function. 24) Left ventricular ejection fraction (LVEF) was measured using the biplanar modified Simpson's rule from apical two-and four-chamber views in echocardiography within 24 hours after admission. 25) Serum albumin was measured by the modified bromocresol purple assay using Aqua Auto (Kainos, Tokyo, Japan) with a Hitachi LST 008 automated analyzer (Hitachi HighTechnologies, Tokyo, Japan). All coronary stenting required 100 mg aspirin and 150 mg clopidogrel or 20 mg prasugrel administration before catheterization. Dual antiplatelet therapy was continued for at least 6 months. In the case of peripheral stenting, dual antiplatelet therapy proceeded for at least 1 month. The primary endpoint was death from any cause within 3 years. This study was conducted according to the guidelines of the Declaration of Helsinki and approved by the local ethics committee in the Toho University School of Medicine. Analysis of serum IS: Serum IS level was measured upon hospital admission. Each serum sample (10 μL) was analyzed by reversed-phase high-performance liquid chromatography (Capcell Pak MF Ph-1 SG80S5 4.6 mm ID × 150 mm; SHISEIDO CO., LTD., Tokyo, Japan). The mobile phase, 0.1 M KH2PO4/tetrahydrofuran (95/5, V/V) (pH 6.5), was delivered at a flow rate of 1.0 mL/minutes at 37 . Serum IS level was determined with fluorescence detection (excitation, 295 nm; emission, 390 nm). Study endpoint: The primary endpoint of this study was all-cause death between 30 days and 3 years after therapy. Clinical follow-up included a review of medical charts and/or telephone contact with patients or their families. Mortality data were collected from the medical records of patients who died at the medical center. Statistical analysis: Data were analyzed with the Statistical Package for EZR for Windows (Version 1.35, Saitama, Japan). 26) The measured data are expressed as mean ± SD or median and interquartile range. The KolmogorovSmirnov test was applied to test for normal distribution. Continuous variables were compared using the Student's t-test. In the case of nonlinearity of data points, they were logarithmically transformed using the base logarithm of 2. Demographics, traditional risk factors, and clinical outcomes were compared using the Pearson v2 test or the Fisher exact test, as appropriate, for categorical data, and expressed as percentages. Unadjusted cumulative event rates were estimated using Kaplan-Meier curves and compared across groups. Cox proportional hazards models were used to assess univariate and multivariable covariates. The hazard ratio (HR) and confidence interval (CI) were calculated for each factor by Cox proportional hazards analysis. Multivariate analysis included only variables showing P < 0.1 in the univariate analysis. We also evaluated the discriminative ability of IS added to risk stratification using LVEF measurement. IS was added to LVEF, and the C-statistic was compared with that of LVEF alone. The incremental predictive value of IS to LVEF was assessed by net reclassification improvement (NRI) and integrated discrimination improvement (IDI).
Results

Patient classification and baseline data:
A total of 351 consecutive patients with cardiovascular disease were prospectively enrolled in this study. Baseline clinical etiology included CAD undergoing PCI (n = 308) and PAD undergoing PPI (n = 43). Table I shows the baseline clinical characteristics by categorization according to the median values of serum IS (0.10 mg/dL) and albumin (3.9 g/ dL). Patients in the high IS/low albumin group had a higher prevalence of atrial fibrillation, renal dysfunction, and anemia. More patients were undergoing dialysis in the high IS/high albumin and high IS/low albumin groups than in the other two groups. Patients in the high IS/low albumin group were older and had lower hemoglobin levels. Baseline diastolic blood pressure and LVEF were lower, and the plasma brain natriuretic peptide level was higher in the high IS/low albumin group. These patients were often treated with anticoagulants and loop diuretics. Although the use of baseline statin therapy was statistically equivalent among all the four groups, the levels of total cholesterol and low-density lipoprotein were significantly lower in the high IS/high albumin and high IS/low albumin groups than in the other two groups. High IS with low albumin level is associated with increased risk of all-cause mortality: During the median follow-up time of 575 days, 4.6% of patients died (n = 16). The Kaplan-Meier curves for all-cause mortality were significantly different for each group, and the cumulative risk for all-cause mortality was significantly greater for high IS/low albumin ( Figure) . After adjustment for confounding factors, including age, body mass index, dia-UREMIC TOXIN AND CARDIOVASCULAR DISEASE stolic pressure, LVEF, hemoglobin, dialysis, prior stroke, eGFR, brain natriuretic peptide, uric acid, coronary intervention, and peripheral intervention, Cox proportional hazards analysis indicated that high IS/low albumin was an independent risk factor for all-cause mortality (Table  II) .
Discrimination and reclassification analysis of serum IS and albumin:
The values of the C-statistic for predicting all-cause mortality were separately calculated for LVEF (0.69) and IS (0.65) (Table III) of LVEF together with both IS and albumin levels was significantly greater than that for LVEF alone (0.69 versus 0.80, P < 0.001). The inclusion of IS and the IS/albumin combination led to a significantly better categorization of patients (47% and 83% of them were reclassified, respectively). The IDI indices for IS and the IS/albumin combination were 0.01 (P = 0.23) and 0.02 (P = 0.02), respectively.
Discussion
Our results demonstrate that the IS level has the potential to serve as a prognostic marker when combined with the albumin level for patients with cardiovascular disease. Among the four groups categorized by the serum IS and albumin levels, patients assigned to the high IS/low albumin group were more highly affected by cardiovascular risk factors, including older age, anemia, and low LVEF, than patients in the other groups. As demonstrated by Kaplan-Meier curves, patients in the high IS/low albumin group showed significantly higher mortality rates than those in the other groups. In addition, this combination was found to be a prognostic factor in the multivariate analysis adjusted for multiple confounders.
The progression of renal disease is inseparable from cardiovascular disease as a prognostic factor, and their interactions (called "cardio-renal syndrome") have recently become a global healthcare concern. 27, 28) The accumulation of uremic solutes may play an important role in the etiology of cardio-renal syndrome. IS is a protein-bound uremic toxin that was recently found to be damaging to the cardiovascular system. 11, 12, 29, 30) Our previous reports identified IS-induced atherosclerotic-related changes such as inflammation and premature senescence in human endothelial cells through activation of the aryl hydrocarbon receptor. 31) To our knowledge, however, no studies have shown whether serum IS and albumin levels can predict the outcome of cardiovascular disease patients with widely varying renal function. An increase in free IS with the progression of chronic kidney disease may be key to explaining our results. Considering the molecular structure of albumin, it seems unlikely that the bound form of IS activates the signal transduction pathway that includes the aryl hydrocarbon receptor. Therefore, free IS may be a better indicator of the potential toxicity of uremic solutes for patients with chronic kidney disease, as tissues are exposed to free solute. 32, 33) Lin, et al. reported the association between free IS and endothelial dysfunction in patients with renal dysfunction. 34) In addition, the free IS level was associated with in-stent restenosis after PCI. 35) Interestingly, our results are consistent with the study by Shafi, et al., which reported that the total IS level can predict the UREMIC TOXIN AND CARDIOVASCULAR DISEASE cardiovascular outcomes of patients undergoing hemodialysis. 33) The authors emphasized the prognostic importance of an elevated level of free IS concomitant with a lower albumin level. A lower albumin level may increase free IS through competition with other accumulating protein-bound solutes. In addition, a low albumin level was associated with the oxidation of binding sites specific for uremic toxins, portending a reduced capacity to bind uremic toxins. 18, 36) Therefore, consideration of serum albumin status may be required when assessing the IS-induced toxicity of the cardiovascular system. Finally, we investigated the incremental value of IS in standard risk prediction in the reclassification analysis. The predictive value of IS alone or in combination with albumin was added to that of LVEF. There was only a tendency of serum IS level alone to improve risk stratification. In contrast, we demonstrated that the combination of IS and albumin levels brought significant additive prognostic value to LVEF. Study limitations: This study has the following limitations. First, it is a single-center, observational cohort study of a relatively small population. Second, the serum IS level was determined at a single point. Investigation using serial determination of the IS level for each patient may provide better insight for risk stratification. Third, nutritional status might have provided important additional outcome information. Such analyses were not possible owing to the limited valid data on nutritional status.
